Abstract. Many problems in laparoscopic surgery are due to the poor degrees of freedom of movement (DOF) in controlling forceps and laparoscopes. The Multi-DOF forceps manipulator we have newly developed has two additional DOF of bending on the tip of forceps, and provides new surgical fields and techniques for surgeons. The most remarkable characteristics of the prototype described in this paper are: 1) the small diameter (φ6 mm) and the small radius of curvature of bending; 2) the large force generated on each bending and grasping axis; 3) the confirmation of perfect cleanness and sterilization of this manipulator. The effectiveness of these characteristics was confirmed in actual testing by surgeons. This manipulator can solve problems met with in laparoscopic surgery, and will establish new standards for laparoscopic surgery with higher effectiveness and safety.
Introduction
Laparoscopic surgery is now widely established as minimal invasive surgery (MIS). However, it has some problems and difficulties due to the "minimal invasive" method. The forceps and laparoscope are inserted into the visceral cavity through the trochars that are fixed on the abdominal wall. These tools have only four degrees of freedom of movement (DOF) and small working areas (Fig. 1 ).
Using conventional tools (forceps), surgeons can approach an operation point only through a single approach path. However, in some cases, various alternative approach paths for an operation area are needed. The tools thus require additional DOF to solve these problems (Fig. 2) . Surgical robots, which can help surgeons' manipulation such as steadier holding, more precis e operating, and remote control, are being studied and developed. However, there are many problems in the use of robots in medical fields. The most important consideration must be safety, both in terms of engineering and medical effectiveness.
Recently, forceps with additional DOF for MIS have been studied in many institutes and applied to many actual cases [1] [2] [3] [4] [5] , but in laparoscopic surgery, there are very few such cases. This is mainly due to the small force of additional DOF and reduced safety. We must develop new mechanisms with additional DOF, taking these considerations into account.
In this paper, we present a novel forceps manipulator with Multi-DOF. This manipulator has important features for laparoscopic surgery. The methods used in order to construct the forceps manipulator with the desired features are presented in Section 2. The experimental results are presented in Section 3, including the measurement of mechanical characteristics and the performance of this manipulator in surgical environments. Using this manipulator, problems in laparoscopic surgery are clearly solved, and new standards with higher effectiveness and safety are achieved.
Method

Requirements
When considering the need for increased force delivery and safety, and the basic requirement for new surgical tools for laparoscopic surgery, we defined the characteristics of the forceps we have developed as follows:
Rotation (1) Rotation (2) Translation ( From the viewpoint of expanding the number of approach paths and the fields of operation of forceps, those with additional DOF and a large radius of curvature of bending would seem to be very useful. However, an instrument with a wide operating area also risks large and fatal errors if it is mishandled. Achieving large bends in the limited space of the visceral cavity is both difficult and dangerous. We decided to develop the first prototype with only two additional DOF and a small radius of curvature of bending.
It is difficult to determine the requirement of force generated accurately, because the measurement of the handling force of surgical tools in surgery is difficult. We decided the requirement from an experimental study using PVC [6] .
Bending Mechanism
We developed the Multi-DOF forceps manipulator, which provides two additional DOF of bending. The bending mechanism is composed of four stainless steel rings with a coupling giving one DOF, stainless wire, and Teflon tubes (shown in Fig. 3 and 4 ). This mechanism is driven by four stainless steel wires (Fig. 5 ). The ranges of bending motion are 0 to 90 degrees for each two DOF. This mechanism is very simple, with high rigidity. It can easily be miniaturized. A wide range of bending provides a wide range of operations, but it increases the risk of error. We therefore developed this mechanism to be small enough to avoid fatal errors in operation. The diameter of the first prototype is 6 mm, and the minimum radius of curvature of bending is about 8.5 mm. 
Mechatoronical Control
This bending forceps (Forceps with Bending Mechanism) needs very large forces driving the wires to generate similar forces on the tip of the forceps (bending and grasping forces). Moreover single-handed manual control of three DOF (two bending and one grasping) is very difficult and inadequate for this forceps. This is why we use mechatronic components for this bending forceps to drive the bending and grasping DOF.
The motors, which cannot be sterilized, are placed sufficiently far from the surgical field for maintenance of sterility, and stainless steel wires transmit the forces produced by the motors. In this system, since there are no electronic components (motors, sensors, etc.) on the tip of the forceps manipulator (which is inserted into the patient), this manipulator is perfectly sterilizable. This arrangement, with remote electronic components, and the Multi-DOF forceps manipulator system, which is lightweight, simple, and perfectly clean, can easily be assembled (Fig. 6 ). Table 1 . 
Mechanical Characteristics
Firstly, we checked the characteristics of bending movements. The bending angles are shown in Fig. 8 and 9 . The movement characteristics have hysteresis , with large backlash due to the stretching and friction of the wires. The difference between bending drive and extension drive (on drive speed and backlash) is mainly caused by the difference in the driving forces of wire (for bending and for extension). The difference between bending axes A and B may be caused by the differences in the loss of drive power, due to the different placement of the hinges of each axis. The accuracy of the movement is within 4.3 degrees for each axis. The generated forces, bending and grasping, are measured using weights. The results are shown in Table 2 . The generated forces of bending (driving and holding) and grasping are sufficient, but the forces of extension are notably inadequate. This is because of the low power of the spring that controls the tension of the wire for extension. 
In vivo Testing
We tested the clinical performance of this Multi-DOF forceps manipulator by using it in a semi -clinical situation. The surgeon carried out trial operations (grasping, bending, extension, etc.) around the liver after ordinary laparoscopic cholecystectomy on a pig (Fig. 10 and 11) . The results show that the bending force (driving and holding), the grasping force, and the radius of curvature of bending are nearly adequate. "User-friendliness", which mainly depends on the size, weight, and man-machine interface of this forceps manipulator, is satisfactory. Using the Multi-DOF forceps manipulator, an operation that is impossible using current straight, rigid forceps, was carried out. In Fig. 11(B) , although inserted into the visceral cavity through the left upper trochar, the manipulator works as if it had been inserted through the right upper trochar. In Fig. 11(C) , the bent part of the forceps was effectively used to control the position of the liver (pushing). However, the extension force (driving and holding) was insufficient, and the stick-slip movement appeared because of this. The poor responses of movement (due to the backlash of the wire drive system) are not a problem in bending and extension. However, in grasping, a high response of movement is needed. We plan to solve these problems in extension forces and the response of grasping movements in the next prototype.
In this experiment, although there were indeed problems caused by the extension drive, the basic functions of this Multi-DOF forceps manipulator were confirmed as sufficiently useful for laparoscopic surgery.
Discussion
Multi-DOF Forceps Manipulator
Using simple and rigid components to achieve a bending mechanism, this manipulator established a high level of performance, with large output based on small components. The remote placement of electronic components ensured the clean, simple and lightweight nature of the Multi-DOF forceps manipulator. In the near future, this equipment promises to overcome the problems with current forceps and will raise the standards of laparoscopic surgery with higher effectiveness and safety.
The most important problems of this manipulator are that of extension force and response of movement. However, this problem may be solved if we can develop intelligent control mechanisms for force sensing and feedback systems.
Future Work ~ New System Concept ~
The c onventional laparoscope, with a rigid scope, provides a limited and small workspace to the surgeon. Flexible laparoscopes solve this problem in part, but controlling the line of sight in a flexible laparoscope is more complex. The new forceps manipulator we are developing now integrates the bending forceps with a fiberscope (Fig. 12) . Using this manipulator, the surgeon can see the workspace from two different lines of sight (one is that of the laparoscope, and the other is that of the fiberscope) without controlling the view-line of an additional endoscope (fiberscope). We think surgeons can efficiently operate using both a laparoscope view (" macro" view) and a fiberscope view (" micro" view). Especially when operating on the far side of organs, the fiberscope view will be very helpful for surgeons. Using the Multi-DOF forceps manipulator, we will construct a new surgical manipulator system concept. We have already developed a laparoscope manipulator
Multi-DOF forceps manipulator
Fiberscope (φ2.3 mm) using a five-bar linkage system [7] . Integrating the forceps manipulator and fivelinkage manipulator, we will develop new surgical manipulators for laparoscopic surgery. Both of these system components (Multi-DOF forceps manipulator and fivebar linkage manipulator) were developed to achieve safety and reliability.
Conclusion
We have developed a Multi-DOF forceps manipulator with bending mechanism for laparoscopic surgery. This mechanism achieved two additional DOF of bending, with small radius and a large driving force on the tip of the slim forceps. Through the in vivo testing, although some problems were found, the effectiveness of this manipulator was clearly demonstrated. This manipulator can solve many problems in laparoscopic surgery due to the poor DOF of controlling surgical tools. We are currently developing a new surgical manipulator for laparoscopic surgery using this Multi-DOF forceps manipulator.
